We report the selective growth of InAs self-assembled quantum dots ͑SAQDs͒ on silicon-dioxide/ silicon (SiO 2 /Si) substrates patterned in nanometer scale. The SiO 2 thin film is found to be an efficient mask material for prohibiting the growth of InAs SAQDs, while the formation of stable SAQDs is observed on the exposed surface of Si. We have utilized this selectivity to demonstrate almost one-dimensional alignment of InAs SAQDs on Si stripes. The crystallinity of SAQDs is also identified by high-resolution transmission electron microscope observation. Our study opens up a possibility of reliably integrating III-V quantum dot devices with conventional Si circuits. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1352049͔
The growth mechanism of semiconductor self-assembled quantum dots ͑SAQDs͒ is known as the Stranski-Krastanow mode.
1-3 The dot growth results from the relaxation of strain, which is originated from the lattice mismatch between an epitaxial film and a substrate. Such a one-step growth process guarantees the formation of defect free nanoscale dots in good uniformity without any lithography steps. Therefore, the SAQD system is a promising candidate for the fabrication of quantum effect devices such as quantum dot transistors 4, 5 and quantum-dot optoelectronic devices. 6 The fabrication of quantum dot transistors relied on the postgrowth lithographic alignment of electrodes around an SAQD and it was rather difficult to achieve reliable device fabrication because of poor alignment accuracy. Consequently, in situ self-alignment of quantum dots during growth would be an ideal way of forming such devices.
There have been various efforts for the selective growth of SAQDs on GaAs substrates. The growth of SAQDs on multiatomic steps was successfully demonstrated, 7 and InAs SAQDs were grown selectively on GaAs mesa stripes fabricated along the ͑011͒ and the ͑001͒ direction. 8 Recently, islands of InAs were selectively grown in electron beam ͑e-beam͒ patterned trenches of a GaAs substrate. 9 Ishikawa and co-workers demonstrated the growth of a single InAs SAQD in an e-beam patterned hole by the combination of an in situ e-beam lithography and a molecular beam epitaxy ͑MBE͒. 10, 11 They performed all the processes using an ultrahigh vacuum-based multichamber system including e-beam patterning, MBE growth, etching, surface oxidation, and so on.
On the other hand, the growth of III-V compound 13 In this letter, we report on the selective formation of InAs SAQDs on nanopatterned Si/silicon-dioxide (SiO 2 ) substrates. The silicon dioxide is found to be an efficient mask material so that the position control of SAQDs on Si is possible. We have demonstrated almost one-dimensional alignment of InAs SAQDs on Si by nanometer scale patterning of SiO 2 . The crystallinity of SAQDs is also verified by high resolution transmission electron microscope ͑HRTEM͒ observation. Our study opens up the possibility of integrating reliable InAs quantum dot devices with conventional Si circuits.
The substrates we have used in the experiment were p-type Si with ͑100͒ orientation. The SiO 2 layers with the thickness of 20 nm were deposited on the substrates using an e-beam assisted sputtering technique. An e-beam lithography and reactive ion etching were used to define various SiO 2 /Si stripe patterns. The thickness of the poly͑methylmethacry-late͒ layer was 10 nm and the layer was exposed by the direct e-beam with an accelerating voltage of 35 keV, a line dose of 1.2-1.35 nC/cm, and a probe current of 5 pA. Finally, the develop time was 90 s. The oxide etching was performed in a carbon tetraflouride (CF 4 ) gas environment. The flow rate and the operation pressure were kept at 25 sccm and 50 mTorr, respectively. Typical etching time for the complete removal of the 20 nm SiO 2 was 30 s. The patterned samples were installed in a metalorganic chemical vapor deposition chamber for the growth of SAQDs. The samples were annealed at the temperature ͑T͒ of 800°C for 10 min to anneal the etch damage and to remove the native oxide. The trimethylindium and arsine sources were used for growth. The growth condition for the formation of the InAs SAQDs was the same as the usual one for bare GaAs substrates: 1 a growth time of 6 s ͑corresponding to the 1.8 monolayer growth͒, a growth interruption time of 30 s, and a growth T of 430°C.
First of all, the InAs growth was carried out on a bare Si substrate and on a SiO 2 -covered Si substrate. Figures 1͑a͒  and 1͑b͒ , respectively, show the atomic force microscope ͑AFM͒ images of those substrates after the growth. The InAs SAQDs are clearly identified on the bare Si substrate as can be seen in Fig. 1͑a͒ . The density and the average diameter of the SAQDs are 1.5ϫ10
11 cm Ϫ2 and 20 nm, respectively. On the other hand, random coalesces are mainly observed on the SiO 2 film ͓Fig. 1͑b͔͒. A window with a size of 100 ϫ100 m 2 from the SiO 2 /Si substrate was opened and the same InAs growth was repeated. Figure 1͑c͒ shows a scanning electron microscope ͑SEM͒ image near the Si/SiO 2 boundary. The SAQDs can be clearly seen on the Si substrate whereas SAQDs are not observed on the oxide layer. The InAs SAQDs on Si near the boundary show an average diameter of 30 nm, and the density is found to be 1.0 ϫ10 11 cm Ϫ2 . It was almost impossible to obtain an AFM image at the Si/SiO 2 boundary region because of the large height difference and it was difficult to identify the coalesces near the boundary. However, the resolution of the SEM image is high enough to identify the existence of the SAQDs with the diameter larger than several nanometers. Therefore, within the resolution of the SEM observation in Fig. 1͑c͒ , we can conclude that SiO 2 can be used as an efficient mask material for the growth of InAs SAQDs.
Figures 2͑a͒ and 2͑b͒ show the SEM images of the InAs SAQDs grown on the SiO 2 /Si substrates patterned in arrays of stripes. Both the width and the spacing of the stripes in Fig. 2͑b͒ , the size of the SAQDs is nonuniform, ranging from 20 to 70 nm. On the other hand, there are dot-like structures along the SiO2/Si boundary in Fig. 2͑a͒ . At this point, we do not understand the details of these structures as well as the irregular size distribution observed in Fig. 2͑a͒ . Figure 3͑a͒ shows a HRTEM cross-sectional view of the sample shown in Fig. 2͑b͒ . A periodic formation of InAs SAQDs is clearly identified. Figure 3͑b͒ shows a magnified image of one of the SAQDs in Fig. 3͑a͒ . The lattice spacing estimated from the bright region in the left side is 0.61 nm that is consistent with that of InAs. The wetting layer thickness calculated from the TEM image is estimated to be 0.7 nm, while the diameter and the height of the SAQD are 20 and 10 nm, respectively.
The average migration distance ͑diffusion length͒ of the In adatoms is represented as (4D S t)
, where D s is the surface diffusion coefficient and t is the migration time. It is reasonable to assume that the lower bound of the dot separation on SiO 2 (10 m) is same as the average migration distance. Using the migration time of 36 s ͑the growth time of 6 s ϩ the growth interruption time of 30 s͒, the diffusion coefficient of In on SiO 2 is calculated to be 7ϫ10 Ϫ9 cm 2 /s. This value is much larger than the D S on Si͑10 Ϫ20 cm 2 /s͒.
14 On the other hand, the surface energy of Si ͑0.483 eV͒ is smaller than that of SiO 2 ͑3.83 eV͒. As a consequence of the larger surface diffusion coefficient and the surface energy, it is likely that In adatoms near the patterned boundary can easily migrate from SiO 2 to Si, resulting in the formation of SAQDs in a larger volume on Si.
Assuming that the shape of the InAs SAQDs is a hemisphere, the total volume of the SAQDs per unit area is given by (/12)d 3 N, where d is the average dot diameter and N is the average dot density. The total volume per unit area in the case of Fig. 1͑c͒ is found to be approximately 2.3 times larger than that of Fig. 1͑a͒ . Such increase in the total volume near the boundary also suggests the migration of In adatoms from SiO 2 to Si.
In conclusion, we have successfully demonstrated the selective formation of InAs SAQDs on nanoscale patterned Si/SiO 2 substrate. The SiO 2 thin film is found to be an efficient mask material to the growth of InAs SAQDs and we have utilized this selectivity to demonstrate almost onedimensional alignment of InAs SAQDs on Si stripes. The selectivity is interpreted as due to the migration of In adatoms from SiO 2 to Si. Our interpretation is supported by the larger diffusion constant of In adatoms on SiO 2 and the increase of the total volume of SAQDs on the Si surface near the SiO 2 layers. 
